The effects of calcium on chlorophyll accumulation and its stability in the early phase of greening in cucumber cotyledons were investigated. Chlorophyll accumulation was hardly affected by dark preincubation of cotyledons with 10 millimolar calcium solution, but was inhibited almost completely when 50 or 100 millimolar solution was used. On the other hand, 50 milimolar calcium inhibited 8-aminolevulinic acid formation in the light by only 75%. Calcium had Uttle effect on the lag for initiation of protochlorophyllidem regeneration, but slowed down the rate of accumulation of protochlorophylide6,o. In calcium-treated cotyledons, the chlorophyH formed by primary photoconversion was quickly decomposed in the dark. The present results show that calcium inhibited chlorophyl accumulation by inhibiting -aminolevulinic acid formation in the light and by stimulating the decomposition of newly formed chlorophyll, both effects being completely prevented by potassium.
Cations are known to play important roles in regulation of various levels of functions in higher plants (11, 13) such as membrane properties, metabolic activities, and cell expansion growth. The rate of Chl accumulation is influenced by many chemical agents including cations and plant growth substances (24) . Among cations, K+ and Ca2' have noticeable effects on Chl accumulation ( 16, 17) ; the former promotes and the latter inhibits it, and there exists the antagonism between them (17) . When plants were grown on silica sand containing high levels of Ca2", Chl accumulation was slow compared to that of plants grown with normal concentrations of Ca2 . In this case, Ca2+ exered more pronounced inhibition on accumulation of Chl a than Chl b and Pchl (20) . Knypl and Rennert (17) showed that Ca2+ inhibited both growth and Chl accumulation in isolated cotyledons of cucumber during a long period of illumination and that both types of inhibition were completely reversed by KV. Green and Muir (9) reported that with 7-day-old cotyledons, proper combinations of K+ and Ca2+ promoted Chl formation compared to water controls.
But very little information is available about the mode of Ca2+ inhibition of Chl accumulation. Hence, the present investigation was undertaken to determine the effects of Ca2+ on both aspects of Chl accumulation, Chl biosynthesis and stability of Chl in the early phase of greening.
MATERIALS AND METHODS
Plant Materials. Cucumber seeds (Cucumis sativus L. cv. Aonagajibai) were soaked in distilled H20 for 3 h and germinated on moist Vermiculite at 28 C in the dark. After germination for 5 days, cotyledons were excised without their hypocotyl hooks.
Twenty cotyledons were placed with their abaxial surfaces up on a 5.5-cm filter paper (Toyo No. 2) wetted with 1.6 ml of test solution in a 6-cm glass Petri dish. All manipulation was performed under dim green safelight. The Petri dishes were placed in the dark at 28 C for 18 h. For illumination experiments, they were transferred to fluorescent white light of 10,000 lux (19.4 w m-2 at 380-710 nm, Mitsubishi FLR 80H W/A) at 28 C.
LA Treatment. The rate of ALA' synthesis was estimated from the amount of ALA accumulated in the presence of an ALA analogue, LA. After 18-h dark preincubation, the test solution in the Petri dish was removed by absorption onto filter paper and 2.5 ml of the same test solution but containing 100 mM LA was added to the Petri dish. The pH of the LA solution had been previously adjusted to 6.0 with NaOH. The cotyledons were subjected to intermittent vacuum infiltration with LA-containing solution. An 8-min evacuation followed by a slow return (in 3 min) to atmospheric pressure was repeated three times. Infiltration procedures were carried out under the safelight. After vacuum infiltration, the cotyledons were transferred to a new 6-cm Petri dish containing filter paper and 1.6 ml of the same solution used for infiltration. At 1 h after the end of the last evacuation, the cotyledons were exposed to light as described above. In illumination experiments, half of the LA-infiltrated samples were used for ALA analysis and the other half for determination of the Chl formed in the presence of LA. But in the illumination experiments for Figure 1 , samples for Chl determination were subjected to vacuum infiltration with test solution containing no LA. In experiments for dark accumulation of ALA, samples were left in the dark for a period corresponding to that of the illumination treatment.
Sampling. Samples for Chl or ALA determination each consisted of 20 cotyledons (about 0.4 g in water controls). At sampling time, cotyledons of each sample were blotted with filter paper, wrapped in aluminum foil, weighed, and stored at -20 C until use.
ALA Determination. ALA was extracted according to Harel and Klein (10) . Twenty cotyledons were homogenized with 4% (w/v) trichloroacetic acid. The homogenate was centrifuged at lO,OOOg for 10 min, and the pellet was washed with 4% trichloroacetic acid. All extraction procedures were carried out at 0-4 C. The combined trichloroacetic acid extract was filled up to 10 ml and brought to pH 4.6 with 1 N sodium acetate. ALA was determined according to Mauzerall and Granick (16 Figure 2 . To determine the duration of the Shibata shift and the lag for Pchlide regeneration, the A changes at 690 nm and 650 nm were followed, respectively, with the A at 720 nm being taken as the reference. The wavelength at which the A reduction was to be monitored was 690 nm, after Jabben and Mohr (12) .
RESULTS
Effect of Ca2" on Chi Accumulation. The effect of Ca2" on Chl content after 6-h iUumination is shown in As reported by Knypl and Rennert (17) , the effect of Ca2+ was completely prevented by K+ (Table II) .
Effect of Ca2 on ALA Synthesis in the Dark and Light. We examined the effect of Ca2" on ALA production, which is considered to be the rate-limiting step in Chl synthesis in greening tissues (5) . The effect of Ca2+ on ALA accumulation in the dark was the reverse of that on Chl accumulation (Table III) . Ca2 , which inhibited Chl accumulation in the light, increased ALA production in the dark. With increasing concentration of Ca2 , more ALA accumulated in the dark. At 100 mm, Ca2+ increased ALA formation by 60%o. ALA formation was greatly enhanced by light, as reported by a number of workers (15) . After 6-h illumination, 1,000 nmol/g fresh weight of ALA accumulated, but with 40-100 mM Ca2' ALA formation in light did not exceed 250 nmol/g fresh weight (Table IV) . ALA accumulation was not inhibited by Ca2+ as much as Chl accumulation.
Stoichbmetry between ALA and Chi Formation. Ca2+ at 60 mM or 100 mm inhibited Chl accumulation by 95% (Tables I and II), while Ca2' at concentrations of the same order (50-100 mm) inhibited ALA accumulation by only 75-76% (Table IV) . In Ca2+-treated cotyledons, the rates of Chl accumulation in the absence of LA and of ALA accumulation in the presence of LA were compared in the same experiment (Fig. 1) . The time course of ALA accumulation was different from that of Chl. Note that during the first h of illumination there was a slight decrease in Chi content, while ALA was increasing. The amount of Chl at 10 min seems to represent the Chl formed by primary photoconversion of Pchlide which had accumulated in the dark. ALA increased slowly during the first 2 h of illumination. After that it accumulated rapidly. To delete the contribution of the initially formed Chl to the amount of Chl formed during continuous illumination, the rates of accumulation of Chl and ALA in the period of 4-8 h Five-day-old cotyledons were preincubated with CaC12 for 18 h and infiltrated with 100 mm LA followed by an additional 1-h incubation. Up to this time, samples were kept in the dark throughout. Next, they were moved into light then after 6 (22) . The time of completion of the shift is indicated by S in Figure 2 . In Ca2+-treated cotyledons, the duration of the shift was somewhat prolonged, and the 690-nm A fell not so steep as KCI-or water-treated samples. On the other hand, K+ accelerated the shift.
After brief illumination, Pchlide6ws (photoconvertible form) was regenerated, and the time of initiation of regeneration of Pchlideeso was shown as R in Figure 2 . No significant difference was detected in the length of the lag period for initiation of Pchlide regeneration between Ca2+-and water-treated samples. However, the rate of Pchlide65o accumulation was much lower in the Ca2+-treated material. These results indicate that Ca2' had some adverse effect on the formation of Chl and its precursor, photoconvertible Pchlide, but did not completely inhibit it.
Stability of Chi. To examine the stability of newly synthesized Chl, the change in the A spectrum of Chl in the dark in cotyledons which had received brief illumination was followed. In water controls, the A maximum of Chl settled at 670 nm after completion of the Shibata shift. The position and height of the peak remained unchanged for the experimental period of 2 h. With cotyledons treated with 100 mM Ca2 , soon after completion of the Shibata shift, the 670-nm peak gradually diminished with a concomitant shift (1-2 nm) towards shorter wavelength (Fig. 3) . This indicates that newly synthesized Chl was unstable in Ca2"-treated cotyledons. The time course of the diminution of the peak around 670 nm is shown in Figure 4 . Similar results were obtained with 50 mm Ca2+, but the 670-nm peak diminution was not as rapid as Five-day-old cotyledons were preincubated for 18 h in the dark, exposed to a 30-s illumination at 10,000 lux, and placed in darkness. Incubation medium was 100 mm CaCl2, 10 mM KC1, or water. The temperature in the dark period after the brief illumination was 20 C. The A spectrum of the cotyledons was scanned using the opal glass method. Intervals of the scan during the period indicated in parentheses were as follows. CaCl2, 2 min (0-60 min) and 5 min (after 60 min); KCI, 2 min (0-40 min) and 5 min (after 40 min); water, 2 min (0-40 min), 5 min (40-60 min), and 10 min (after 60 min). The A differences between 650 and 720 nm and between 690 and 720 nm were plotted against time after the pulse illumination. The time of completion of the Shibata shift (S) and the time of the start of Pchlide regeneration (R) were obtained by extrapolating the two linear parts in each curve.
with 100 mm Ca2+ (data not shown). The decomposition of Chl by Ca2+ was efficiently prevented by K+ (Fig. 4) .
DISCUSSION
The ALA-synthesizing reaction is considered to be the regulatory step in the pathway of Chl biosynthesis in higher plants (4, 5, 8) . In cucumber cotyledons, Ca2+ stimulated ALA formation in the dark while inhibited it in the light. The mechanism of this dual effect of Ca2+ remains to be studied. However, it is evident that strong inhibition by Ca2" of Chl accumulation is partly due to Ca2+ inhibition of ALA formation in light. Chl accumulation Figure 3 . 
